Hemoglobin was hydrolyzed with Esperase and Flavourzyme as the endopeptidase and exopeptidase, respectively. The solubility of the heme-iron enriched peptide fraction decreased as the degree of hydrolysis of the hydrolysate increased. When the pH of a hydrolysate was adjusted to 5.0 after simultaneous hydrolysis with the two enzymes, the solubility of heme-iron enriched peptide was nearly zero, and 98% of the heme-iron enriched peptide fraction was recovered as a precipitate. These results indicated that an eŠective separation method for the production of heme-iron enriched peptide could be established by pH adjustment of the hemoglobin hydrolysate with high degree of hydrolysis.
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Animal blood is about 18z protein, and hemoglobin accounts for more than half of the blood protein. Although small amounts of hemoglobin are used as a food and feed ingredient, most slaughterhouse hemoglobin is a waste product. Protein hydrolysates are widely used as food ingredients, so hemoglobin also could be a good protein source for food. 1) In particular, hemoglobin is a source of bioactive peptides. Numerous biologically active peptides have already been identiˆed in hemoglobin hydrolysates; for example, opioid peptides, 2) bacterial-growth-stimulating peptide, 3) and photosensitizer-carrying peptide. 4) Another approach to hemoglobin use is to prepare heme-iron for the prevention of iron deˆciency. Although whole hemoglobin has been used in cookies to alleviate childhood iron deˆciency, 5) the low proportion of iron in hemoglobin limits its use in treatment of iron deˆciency. Some work has been done on the development of processes to make heme-iron from hemoglobin based on enzymatic hydrolysis [6] [7] [8] [9] and on ultraltration to collect the heme-iron enriched peptide (HEP) fraction. 8, 9) However, this separation method of HEP is not easy because of the hydrophobic interaction with nonheme-iron peptides (NHP). 10) In this study, hemoglobin hydrolysis was done with commercially available exopeptidase and endopeptidase to increase the degree of hydrolysis (DH). The eŠects of the pH and DH of the hemoglobin hydrolysate on the solubility of the HEP were investigated for the development of an e‹cient separation method for HEP.
Bovine hemoglobin (Sigma Chemical Co., St. Louis, MO) was dispersed in distilled water (50 g W l) and denatured at pH 11.2 for 2 h. The pH of the hemoglobin suspension was intermittently adjusted with 1 N NaOH during denaturation. The hemoglobin solution was brought to 509 C in a thermostatted enzyme reactor, and the pH was adjusted to 7.5 with 1 N HCl. Two enzymes (Esperase and Flavourzyme, Novozymes A W S, Bagsvaerd, Denmark) were added at an enzyme W protein ratio of 1.0z (w W w). The pH was kept automatically at 7.5 by the addition of 1 N NaOH. The reaction was stopped by decreasing of the pH to 4 with concentrated HCl. The DH of hemoglobin hydrolysate was measured with the trinitrobenzene sulfonic acid (TNBS) method.
11) The heme and peptide concentrations of hemoglobin hydrolysate were assayed by the pyridine hemochromogen method 12) and semimicro-Kjeldahl method, 13) respectively. The changes in time of DH with the diŠerent enzyme treatments are shown in Fig. 1 . Hemoglobin proteolysis with 1.0z Flavourzyme or 1.0z Esperase was weak, and DHs after 480 min reached 12.8z and 14.2z, respectively. However, the DH * Esperase and Flavourzyme were added at an enzyme W protein ratio of 1.0z (w W w). ** After removal of the small NHP in hydrolysate by dialysis against 25 mM sodium phosphate buŠer (pH 7.0), heme and peptide concentrations of the retentate were measured. *** Yield is the ratio of peptide concentration after dialysis to the initial hemoglobin concentration.
Fig. 2. EŠects of pH on the Relative Solubility of NHP () and HEP () in Hemoglobin Hydrolysate.
The pH of the hydrolysate (DH, 19.8z) was adjusted to 2-11. After centrifugation at 3,000×g for 15 min, NHP and HEP concentrations were assayed and are expressed as the heme and peptide contents, respectively, of the supernatant. Relative solubility is expressed as the amount of HEP or NHP solubilized at a given pH as a percentage of the initial amount in the hemoglobin hydrolysate.
was 23.2z when treatment was with the endopeptidase and exopeptidase together. An increase in DH, by deˆnition, is due to a decrease in the number of peptide bonds in the hemoglobin. 14) Thus, a high heme W peptide ratio could be obtained easily through co-treatment with Esperase (1.0z) and Flavourzyme (1.0z). To remove the small NHP in the hydrolysate, it was dialysed on a Spectra W Por membrane (molecular weight cut-oŠ, 12-14 kDa) against 25 mM sodium phosphate buŠer (pH 7.0) in a cold chamber for 20 h. Then heme and peptide concentrations of the retentate were measured (Table 1) . Although the DHs obtained with Esperase and Flavourzyme were similar, the heme W peptide ratio with the Esperase treatment was 2.5 times that with the Flavourzyme treatment. Perhaps the eŠect of the endopeptidase on the separation of HEP was stronger than that of the exopeptidase. The heme W peptide ratio for the hydrolysate after treatment with Esperase and Flavourzyme together was increased to 14.1z, compared with 3.8z for intact hemoglobin. These results indicated that simultaneous hydrolysis with endopeptidase and exopeptidase increased the DH and enriched heme-iron peptide.
Toˆnd an e‹cient separation method for the HEP fraction from the hydrolysate, the solubilities of HEP and NHP in the hydrolysate (DH, 19.8z) were examined at diŠerent pH (pH 2-11). After the precipitate was separated by centrifugation, the concentrations of HEP and NHP were expressed as the heme and peptide contents in the supernatant, respectively. The NHP in the hydrolysate was soluble in the entire range of pHs, but almost all of the HEP was precipitated at pH 3-5 (Fig. 2) . This pH range for the precipitation may correspond to the mean isoelectric pH of the HEP. Lebrun et al. 15) showed that the solubility curves of heme and peptidic fractions in a hemoglobin hydrolysate made with pepsin (DH, 11z) as a function of pH are similar in the range of pH of 2 to 12 that the solubility diŠerence between heme and nonheme peptide is about 10z at pH 5. To understand the relationship between the HEP solubility and DHs of hemoglobin hydrolysate, the changes of HEP solubility in the hydrolysate after treatment with both Esperase and Flavourzyme were measured at pH 5. The solubility is expressed as the amount of HEP or NHP solubilized at pH 5 as a percentage of the initial amount in the hemoglobin hydrolysate. The solubility of HEP depended on the DH of the hydrolysate (Fig. 3) . The heme solubility can be stimulated by a peptide fraction in the hydrolysate with low DH. 15) When the pH of a hydrolysate with high DH was adjusted between 4 and 5, the solubility of HEP was nearly zero. With increasing DH, the molecular mass of HEP was reduced because of hydrolysis of the peptide bond. Lebrun et al. 15) reported the molecular masses of HEP measured by urea-SDS-PAGE are about 4-5 kDa when the DH is 11z. In our previous paper 16) we reported that the molecular mass of HEP is about 1 kDa at a DH of 23.2z. Therefore, the solubility of HEP decreased with increasing DH, because of the increase in the amount of hydrophobic porphyrin rings in HEP at high DH. These results suggested that simultaneous enzyme treatment, followed by precipitation of HEP by adjustment to an acidic pH (about 3-5) is eŠective for the separation step in the production of HEP.
